A rice stripe virus isolate (RSV isolate T), which was first isolated from an RSVresistant cultivar of rice, induced atypically severe symptoms in wheat plants. The isolate also produced larger amounts of the fastest sedimenting nucleoprotein component (nB) in wheat plants than in rice plants.
INTRODUCTION
Viruses of the rice stripe virus (RSV) group replicate both in plants and in their delphacid planthopper vectors (Toriyama, 1983 (Toriyama, , 1986b . The molecular mechanisms underlying the replication of these novel viruses remain to be elucidated.
Purified RSV nucleoproteins can be separated into three major components by sucrose density gradient centrifugation: M (comprising two subcomponents, M1 and M2), B and nB. The amount of the nB component is about 1/20 of that of the M or B component in these preparations. Although the nucleoprotein components collectively contain four species of ssRNA (Toriyama, 1982a, b) , only the nB component contains the largest RNA and it alone is infective (Toriyama, 1982a) . Thus, at least one of the genes necessary for RSV replication must be encoded by the largest RNA.
The RSV nucleoprotein preparations exhibit a high level of activity of RNA polymerase, which specifically synthesizes the four ssRNA species found in RSV components, as well as four dsRNAs with Mr values roughly twice those of the ssRNA species, and two other species of dsRNA (Toriyama, 1986a) . Little or no dsRNA was detected in RSV nucleoprotein components in these studies (Toriyama, 1986 a) . Nucleoprotein preparations of maize stripe virus, which is a member of the RSV group, contain five species of dsRNA and five species of ssRNA (Falk & Tsai, 1984) . Recently, dsRNAs were also reported in RSV virus components (Ishikawa et al., 1987) .
In 1986, distinct chlorotic stripe symptoms were observed on most tillers of one stock of a rice stripe disease-resistant cultivar of rice, Musashikogane, growing in a field in Fuchu, Tokyo. We found that this virus isolate induced severe symptoms in infected wheat plants and induced the production of more nB component in wheat plants than the stock isolate, although this difference was less marked in rice plants.
With the RSV isolate, a large amount of the nB component, the largest ssRNA, became easily obtainable. In this study, we have used this new isolate to yield large amounts of the nB 0000-8615 © 1989 SGM component and its constituent RNA species and to investigate the sequence relationships among the RNAs by Northern blot hybridization.
METHODS
Virus isolate. The diseased rice plant stock, cv. Musashikogane, was explanted and then grown in a greenhouse.
After transmission from this stock to rice seedlings (susceptible cv. Nipponbare) or wheat seedlings (cv. Norin No 61) by the smaller brown planthopper (Laodelphax striatellus), the virus was maintained by successive transmission to wheat and rice plants, separately. During the transmission experiments, we noticed that the isolate from diseased Musashikogane rice plants readily infected wheat seedlings and induced clear chlorotic stripe symptoms, frequently accompanied by stunting. Young seedlings of cv. Musashikogane, at the one-to two-leaf stage, were moderately susceptible to this RSV isolate. The rice seedlings seemed to become highly resistant with age. The virus, after successive transmission to wheat, cv. Norin No 61, was then transmitted to three-to four-leaf stage seedlings of rice, cv. Musashikogane. Chlorotic stripe symptoms developed after a long latent period on one or two leaves of only three plants out of the 64 inoculated seedlings. The virus was re-isolated from the infected rice leaves through acquisition feeding by non-viruliferous planthoppers, and then maintained in wheat plants through successive transmission by the planthoppers. This isolate was named RSV isolate T. The RSV isolate used in past experiments (Toriyama, 1982a (Toriyama, , 1986a ) is referred to as RSV (0-82) in this paper.
Purification of RSV isolate T. Purification was as described previously (Toriyama, 1986a) , except that an RPS 28 SA rotor (Hitachi) was used for the sucrose density gradient centrifugation which was performed for 2.5 h at 101700g at 4°C.
Preparation and electrophoresis of viral RNA. Virus nucleoprotein preparations were treated with 200 p.g/ml proteinase K in 10 mM-Tris-HCl pH 7.5, 1 mM-EDTA for 20 rain at 37 °C and RNAs were subsequently extracted as described by Toriyama (1986a) . RNAs were analysed in native 1.5 ~ or 0.8 ~ agarose gels (LE agarose; Nakarai Chemicals). The molecular markers used were tobacco mosaic virus (TMV) RNA (OM strain), ribosomal RNAs of Escherichia coli (23S and 16S) and RNA molecular markers II (Boehringer Mannheim) for ssRNAs, and rice dwarf virus RNA and TMV replicative form (RF) RNA for dsRNAs (Toriyama, 1986a) .
To eliminate ssRNAs samples were digested with 1 mg/ml RNase A in 0.3 M-NaC1 in the presence of 1 mg/ml wheatgerm tRNA for 20 rain at 30 °C.
Separation and purification of RNA species. RNA was electrophoresed first in a 1.5~ low melting temperature agarose gel (LGT agarose; N akarai Chemicals) for 16 h at 40 V at 4 °C. After staining with ethidium bromide, the bands containing each of the four ss-and dsRNAs were cut out with a surgical blade and put in an Eppendorf tube. Approximately 3 volumes of 0-5 M-ammonium acetate and SDS (final concentration, about 0.2 ~) were added and the tubes were heated at 65 °C with frequent vortex mixing until the agarose had completely melted. The aqueous phases were phenol-extracted twice and then washed three times with chloroform-isoamyl alcohol. RNAs in the aqueous phase were made to 0-3 M with respect to sodium acetate and then precipitated with ethanol. Each separated RNA preparation (numbered 1 to 4 in increasing order of mobility) was electrophoresed again in 1.2
LGT agarose and then purified by the same procedure as described above, in particular to purify ssRNA 1 which was frequently contaminated by some dsRNA 3. The purity of each RNA was checked by electrophoresis in t-5~o LE agarose, ssRNA 1 and dsRNA 1 were purified from RNAs of the nB component of RSV isolate T. dsRNAs 3 and 4 were obtained from the M + B component. Other ssRNAs and dsRNA 2 were purified from both the nB and M + B components of RSV isolate T.
Preparation of 32P_labelled probes. Two types of probe were used. One type of probe was viral RNA fragments end-labelled with 32p. Purified ssRNAs 1, 2, 3 and 4 of RSV and TMV genomic RNA (estimated to be 50 ng) were separately fragmented by the method of S~inger et al. (1979) . Each RNA was partially fragmented in 50 ~tl of 25 mM-glycine-NaOH pH 9.0, 5 mM-MgC12 at 45 °C for 3 h. The reactions were stopped by the addition of 2 ~1 of 0.2 M-EDTA (pH 7.5). RNA fragments were recovered by two cycles of ethanol precipitation. Labelling of the 5'-OH ends of the RNA fragments was performed essentially according to Maniatis et al. (1982) . The fragmented RNAs were phosphorylated in 15 ~1 of 50 mM-Tris-HC1 pH 7.6, 10 mM-MgClz, 5 mM-dithiothreitol (DTT), 0.1 mM-EDTA and 1 mM-[y-32p]ATP with 2.5 units (U) ofT4 polynucleotide kinase (A19, Takara Shuzo) at 37 °C for 15 rain, phenol-extracted once and precipitated twice from 70~ ethanol. The specific activities ranged from 1 × 10 v to 5 x l0 T c.p.m./~tg.
The other type of probe was a 32P-labelled cDNA probe synthesized using random primers. Each of the four ssRNAs of RSV and TMV RNA (estimated to be 25 ng) was separately mixed with 1 nmol of a random primer (hexamer, Takara Shuzo) in 10 ~tl of 75 mM-Tris-HC1 (pH 8.3 at 42 °C), 7.5 mM-MgC12, 60 mM-KCI. The mixtures were heated to 70 °C for 2 min and then gradually cooled to 42 °C. cDNA synthesis was started by adding 5 U reverse transcriptase (RAV-2; Takara Shuzo) and DTT, each of the four dNTPs and [c~ -32P]dCTP (Amersham). The reactions were performed in 15 ~tl of 50 mM-Tris-HCl pH 8.3, 5 mM-MgC12, 40 mM-NaC1, 2 mM-DTT and 40 ~tM each of the four dNTPs (sp.act. of dCTP, 16 Ci/mmol) at 42 °C for 2 h and stopped by the addition of 2 ~tl of 0.5 ~I-EDTA.
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Northern blot hybridization. The ss-and dsRN As of RSV and TMV RNA (estimated to be 40 ng in each gel lane) were glyoxal-denatured and then subjected to electrophoresis at 50 V for 4 h in 10 equivalent 0.8 ~ LE agarose gels (Thomas, 1980; McMaster & Carmichael, 1977) for parallel hybridization experiments. After electrophoresis, RNAs were transferred overnight by capillary blotting (Maniatis et al., 1982) to GeneScreen membranes (New England Nuclear). The filters were air-dried and then baked at 80 °C for 4 h. The baked filters were prehybridized overnight at 42 °C with the hybridization buffer [50~ formamide, 0.04~ polyvinylpyrrolidone (Mr 40000), 0"04~o bovine serum albumin, 0.04~ Ficoll (Mr 400000), 5 × SSC (1 × SSC is 0-15 M-NaCI, 15 raM-sodium citrate), 40 mM-sodium phosphate pH 6-5, 100 ~tg/ml denatured herring testis DNA, 75 vtg/ml brewer's yeast tRNA and 1 ~ SDS]. The filters were then separately hybridized overnight at 42 °C with a probe (5'-32p-labelled RNA probe, 6 × 104 c.p.m./ml; cDNA probe, 4 x 104 c.p.m./ml) in fresh hybridization buffer. The filters were then washed twice with 1 O0 ml of 2 × SSC at room temperature for 5 min, twice with 100 ml of 1 ~ SDS in 2 x SSC at 65 °C for 30 min and finally twice with 100 ml of 0.1 x SSC at room temperature for 5 min. The filters were air-dried and then exposed to Kodak X-OMAT AR film.
The 32p-labelled product synthesized in vitro by RSV polymerase (Toriyama, 1986a) was also used as a probe.
RESULTS

Viral component of R S V isolate T
When RSV isolate T was prepared from infected wheat tissues and then centrifuged in a sucrose density gradient, three bands corresponding to the M, B and nB components (Toriyama, 1982a) formed. The M and nB bands were distinct, while the B band was rather faint (Fig. 1) . When the isolate was propagated in rice plants, cv. Nipponbare, and then purified the nB band did not appear on the first sucrose density gradient centrifugation, as reported previously (Toriyama, 1982 a) . When the dissolved pellets from the first centrifugation were centrifuged in a second sucrose density gradient, the nB band became visible at the same position in the gradient as the nB component in the wheat-derived preparation. As determined by the optical density, the yield of the T isolate nB component from infected wheat plants was roughly 10 times that from infected rice plants.
Estimation of the sizes of ss-and dsRNAs
RNAs extracted from the nB and M + B components of isolate T are shown separated in an agarose gel in Fig. 2 (b) . Four species of RNase-resistant dsRNAs with Mr values of 5 x l06, 2.5 x 106, 1.8 × 106 and 1.5 x 106 (estimated in both 0 . 8~ and 1.5~ agarose gels) were detected in the nB component. Only the smallest three species of dsRNAs were detected in the M + B component. The Mr of the largest ssRNA was estimated to be approximately 3 x 106. The Mrs of ssRNAs 2, 3 and 4 were 1.6 x l06, 1.1 × 106 and 0.9 x 106, respectively. In Fig. 2(a) (lanes 1  and 3) a minor RNase-resistant band is visible but its appearance and abundance differed in different preparations.
The largest four of the ss-and the dsRNAs were detected as major R N A species of the nB component, irrespective of whether the virus was propagated in wheat or rice plants. Each (Fig. 2a) . Thus, the nB component of isolate T represented a good source of all kinds of RSV R N A , including the largest ssRNA.
Sequence relationships between RNAs of RSV isolate T
Northern blot hybridization with viral R N A fragments 5' end-labelled with 32p or 32p_ labelled c D N A probes of each viral R N A showed that each viral s s R N A probe hybridized to one d s R N A species and that this species, when denatured, migrated with the same electrophoretic mobility as the s s R N A from which the probe was derived (Fig. 3a) . Each 32p_ labelled c D N A probe hybridized with d s R N A having the same electrophoretic mobility when denatured as the R N A copied and also with the s s R N A used as the template in the c D N A synthesis (Fig. 3 b) . Fig. 3 (b) shows that each glyoxal-denatured d s R N A of RSV migrated to approximately the same position as one of the four ssRNAs. This shows that each d s R N A has the same strand length as one of the four ssRNAs.
These hybridization data show that each s s R N A of RSV contains substantially distinct sequences and that long collinear sequences are not shared among any of the four species of viral R N A . These results also suggest that each d s R N A consists of one of the viral ssRNAs together with its negative sense copy.
Labelled TMV R N A fragments did not hybridize with either RSV R N A or TMV R N A , and the 3 2p_labelled c D N A probe of TMV R N A only hybridized with TMV R N A showing that the filter hybridization was operating at the expected stringency. Under these conditions, there were some weak hybridization reactions, for example between R N A 3 and R N A s 1 or 2 (Fig.  3 a) , or between s s R N A 1 and ssRNAs 2, 3 or 4 (Fig. 3 b) , which suggest that there may be short common or similar sequences in these R N A segments. . Northern blotting of RNAs of RSV isolate T and TMV, and hybridization with the 32p-labelled product of RNA synthesis in vitro by RSV polymerase. Total polymerase products were used to probe isolated individual RNAs. Blotting and hybridization were performed as for Fig. 3 . Lanes 1 to 4, ssRNAs 1 to 4, respectively; lane 5, TMV RNA; lanes 6 to 9, dsRNAs 1 to 4, respectively.
When 32p-labelled probe RNAs that had been synthesized in vitro by RSV polymerase (Toriyama, 1986a) were used all the ss-and dsRNA species hybridized, although the hybridization signals with ss-and dsRNA 1 were weaker than with other RSV RNAs (Fig. 4) . These results confirmed that the RNA polymerase synthesized all four ssRNA sequences in vitro.
DISCUSSION
The size of each of the four ss-and four dsRNAs of RSV isolate T were identical to those of the corresponding RNAs of RSV (0-82) used in the previous experiments (Fig. 2a, lane 6) . In experiments reported here the Mr of ssRNA 1, determined in both 1"5~o and 0.8~ agarose gel electrophoresis systems, was found to be approximately 3 x 106. This size is similar to that of the largest ssRNA (ssRNA 1) of maize stripe virus (Falk & Tsai, 1984) . Previous Mr estimates for this RNA species of RSV were made by electrophoresis in a 7 M-urea-2.5 ~ polyacrylamide gel electrophoretic system (Toriyama, 1982a) but Mr values higher than approx. 1.5 x 106 are difficult to determine accurately in this type of gel (Murant et al., 1981; Y. Watanabe, unpublished data) . Thus, the estimate of 3 × 106 is likely to be closer to the true value.
Only the nB component of RSV contains the largest RNA (RNA 1) and it alone is infective. Thus, RNA 1 appears to be essential for productive infection by RSV, because even though there is little RNA 1 in total nucleoprotein RNA, nucleoprotein components containing only RNAs 2, 3 and 4 are not infective (Toriyama, 1982a) .
The results of hybridization experiments show that the four main species of ssRNA found in RSV nucleoprotein preparations do not share substantial sequences as, for example, does TMV with its subgenomic RNA (Watanabe et al., 1984) . Weak cross-hybridization between some of the viral RNAs possibly indicates that each viral RNA has a short homologous region, a phenomenon well known in the segmented genomes of many plant viruses (Ahlquist et al., 1984) . Thus, RSV probably has at least four genomic RNA segments.
Each dsRNA contained the sequence of the ssRNA of the same strand length, as one of its strands. The functions and roles of the dsRNAs of RSV in the process of viral replication are unknown; RNA polymerase activities associated with the filamentous nucleoproteins of RSV and rice grassy stunt virus can synthesize dsRNAs (Toriyama, 1986a (Toriyama, , 1987 and thus the function of ss-and dsRNAs in viruses of the RSV group might be elucidated by further investigations using this RNA polymerase activity.
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